Purpose of review The aim of this study is to review genetics of congenital heart disease (CHD) with a focus on clinical applications, genetic testing and clinical challenges.
INTRODUCTION
As the most common birth defect affecting 1% of live births, congenital heart disease (CHD) is ubiquitous to paediatric practice. Paediatric patients with CHD who undergo surgical intervention in the first year of life made up 51% of the Society for Thoracic Surgeon's Congenital Heart Surgery Database after excluding patent ductus arteriosus ligations [1] . This class of patients present a significant area of complex disease burden. Survival of patients with complex CHDs is continually improving, which has resulted in an increased clinical burden of adults with complex CHD [2] . Adult survival is skewed with more female survivors than male survivors, and the volume of adult CHD survivors has already surpassed the entirety of the paediatric CHD population [3] . This population is creating unique and evolving challenges for clinicians, including evolving extracardiac care guidelines, reinforcing that congenital cardiac lesions result in a lifelong burden of disease that requires specialized care [4] . From a genetics perspective, this group of adult CHD survivors represents a growing population of individuals, particularly women, of reproductive age who have an increased risk of having infants with CHD who have never undergone genetic evaluation. There is limited information on the topic, but available data suggest that fewer than half of adult CHD survivors understand their risk for having a child with CHD [5] . In addition, the number of children born with CHD has increased in recent years [6] . There is a debate regarding if this is attributable to increased survival and reproduction of individuals with higher intrinsic risk to having a child with CHD or increased ability to diagnose minor CHD lesions [6] .
Currently, over half of CHD cases have an unknown cause [7 && , 8 && ]. The diagnostic rate for patients with CHD is varied. One assessment of infants with CHD less than a year old evaluated in the cardiac ICU by a medical geneticist reported a diagnosis rate of 25%; however, this study only included patients in whom a consult was requested [9] . Our experience has demonstrated a higher diagnosis rate of infants with CHD requiring surgical intervention in the first year of life with an overall diagnostic rate of 36% after instituting a universal genetic testing protocol for these patients [10] . We have created a Clinical Cardiovascular Genetics Program or 'cardiogenetics' programme for infants with critical CHD. This involves evaluation by a medical geneticist for all patients with critical CHD not due to Trisomy 21 and our early data showed a diagnostic rate of 39% [10] . Our current unpublished programme diagnosis rate with a larger cohort is 33% (68/205). This suggests that involvement of a dedicated medical geneticist assessing infants with CHD not due to Trisomy 21 (exclusion of Trisomy 21 patients reduces diagnosis rate by 10%) increased the overall diagnosis rate for infants with CHD by an additional nearly 7-13%, and is beneficial to patients when resources are available.
Medical geneticist participation in Neurodevelopmental Outcomes Clinic for patients with CHD has also been shown to have a significant effect on diagnosis rate [11] . As CHD postsurgical outcomes are increasingly tied to underlying genetic cause, the importance of routine genetic assessment of patients with CHD is becoming more critical [8 && ]. Specific early and late surgical outcomes such as length of intubation, transfusion requirement, transplant-free survival, growth and neurodevelopmental outcomes are all known to have genetic risk mediators [8 && ,12-15] .
Unfortunately, the supply of medical geneticists is limited, with a total of 1583 board-certified medical geneticists in the United States between 1982 and 2017 [16] . The number of medical geneticists actively evaluating patients is significantly lower. For example, as of February 2018, the American Board of Medical Genetics and Genomics listed 20 board-certified medical geneticists in Wisconsin, but the clinical full time effort was 5.5 across eight actively practicing geneticists [17] . This reinforces the need for paediatricians, paediatric cardiologists, paediatric cardiac intensivists and other non-Medical Genetics providers to gain some familiarity with a standardized approach to genetic assessment of patients with CHD.
This review will cover the recommendations for genetic assessment of patients with CHD based on lesion type and provide a framework for evaluation of patients of all ages with CHD.
CLINICAL ASSESSMENT
There are three main parts to focus on in the clinical assessment of patients with CHD, the physical examination, the pedigree and classification of the cardiac lesion. Patients with CHD require a thorough physical examination to assess for signs of other major and minor anomalies. Describing dysmorphic features is critical to classify minor anomalies. The National Institute of Health's Elements of Morphology series is a valuable resource for those unfamiliar with how to describe dysmorphic features or to find examples of the spectrum of dysmorphisms [18] . We also encourage facial and profile pictures to be part of the patient's medical record to assist when medical geneticists complete a chart review to assist in result interpretation.
Next, a thorough family pedigree should be obtained for all patients, although a first-degree relative with CHD is only reported in nearly 2.2% of cases [19] . A pedigree is also necessary to ensure there are no concerns, such as recurrent miscarriage or consanguinity, which could alter the risk of specific disease causes.
Finally, cardiac lesion classification helps inform physical examination features to evaluate for, genetic testing and recurrence risk. There are multiple classification systems for cardiac anatomy. The most ideal and best system to use from a genetics perspective is the classification system utilized by the National Birth Defects Prevention Study (NBDPS), which was designed specifically to account for underlying genetic and aetiologic drivers in specific cardiac lesions [20] . The largest groupings in this system (Level 3) are divided into eight
KEY POINTS
The cause of congenital heart disease is still unknown in over half of cases.
There is a rapidly growing population of adults with an increased risk for having children with congenital heart disease who have never had contemporary genetic assessment and do not understand their recurrence risk.
Chromosomal microarray is the best first-line genetic test in the majority of patients with major cardiovascular malformations.
Congenital heart disease has the potential for unique opportunities to identify novel methods to assess for complex genetic causes applicable to many fields.
categories: anomalous pulmonary venous return (APVR), atrioventricular septal defects (AVSDs), complex lesions, conotruncal lesions, heterotaxy, left ventricular outflow tract obstructive (LVOTO) lesions, right ventricular outflow tract obstructive (RVOTO) lesions and septal lesions [20] . It is important to note that over time, the description of the original cardiac lesion can evolve to be more focused on mechanical flow and repair technique versus the true underlying anatomic lesion. For example, a patient with an isolated, severely unbalanced atrioventricular septal defect with small leftsided structures who required single ventricle palliation may evolve into being called 'hypoplastic left heart'. Although this may not affect the medical management of the patient, as hypoplastic left heart syndrome is highly heritable, it will alter the patient's estimated recurrence risk of having a child with CHD from 1.5-2.5% for atrioventricular septal defects to 21% for hypoplastic left heart syndrome [21] .
MOLECULAR ASSESSMENT AND ETIOLOGIES OF CONGENITAL HEART DISEASE
To maximize direct clinical relevance, CHD cause is broken into groups that cluster with their ability to be detected by a specific genetic testing modality: karyotype, chromosomal microarray (CMA) and genomic sequencing. There is a summary of associated genetic causes by NBDPS classification in Table 1 [20, [22] [23] [24] . Excellent summaries with tables of extracardiac manifestations of syndromic causes of CHD can be found in reviews by Fahed et al. [22] and Zaidi and Brueckner [7 && ].
Chromosomal anomalies (karyotype)
Large chromosomal anomalies and aneuploidies were the first detectable cause of CHD. A population assessment of children with CHD found 10.8% (480/ 4430) of patients with a diagnosis of a chromosomal anomaly detectable by karyotype [25] . The majority [25] . In the absence of these classic diagnoses, karyotype yield is low at 1.6% (65/4015) [25] .
Clinical implications
For patients with concern for Trisomy 21, Trisomy 18, Trisomy 13 or Turner syndrome karyotype should be completed, but karyotype should not be incorporated into routine assessment without clinical indication or suspicion.
Copy number variation (chromosomal microarray)
Copy number variants (CNVs) are areas of chromosomal deletion or duplication too small to be detected by karyotype but can lead to pathogenically altered gene dosage. The most commonly described pathogenic CNV in CHD is 22q11.2 deletion syndrome. CHD is associated with a constantly expanding, wide range of rare CNVs [26] . The understanding of the underlying pathophysiology of CNVs associated with CHD is still an evolving field due to incomplete penetrance and variable expressivity that complicate quantifying the effect each CNV has on cardiac formation [26] . Fortunately, there are large consortiums of collaborative researchers working to accumulate more information on specific CNVs and their range of effects on cardiac formation [27] . Despite being our most effective diagnostic test currently, CMAs still fail to detect all small pathogenic CNVs due to technical and reporting limitations. Newer evaluation techniques using next-generation genomic sequencing data or higher resolution CMAs hold promise for identifying smaller pathogenic CNVs.
Clinical implications
Given its high diagnostic yield CMA is the first-line evaluation for CHD patients with multiple congenital anomalies, developmental delay or autism [28] . CMA is also recommended as first-line testing for patients with major cardiovascular anomalies [10, [29] [30] [31] [32] ]. An example of how routine CMA testing has impacted clinical care is for patients with single ventricle physiology. Early data indicate that in patients with single ventricle physiology, the presence of a rare CNVs larger than 300 kilobases is a risk factor for worse neurodevelopmental outcomes and poor growth, independent of if that CNV is known to cause CHD [12] . Having this information shortly after birth is crucial to help the family and team develop a care plan to monitor for future complications. We routinely assess single ventricle physiology patients with CMA with resolution sufficient to report 300 kilobase CNVs.
Monogenic disruption (gene sequencing)
Many monogenic (single gene mendelian inheritance) causes for CHD are well described, but new discovery is becoming more limited. Assessment of exome data from 2645 CHD patients without detected chromosomal anomalies or CNVs determined rare or de-novo sequence variants in nearly 8% of CHD cases [33] . These data continue to enforce the earlier predictions that monogenic discovery would fail to provide answers for the majority of cases of CHD, and that more complex multigenic causes and epigenetic regulatory mechanism will likely provide more answers [22] . An area of monogenic contribution that is likely quite rare, but underdiagnosed, is mosaic monogenic causes for CHD. Bioinformatics is becoming better at detecting low-level mosaicism from genomic sequencing data allowing increased study of mosaicism. An assessment of exome trio data on 715 patients with CHD found 23 mosaic variants affecting cardiac genes, but the authors ultimately felt only two of these variants were causative of CHD in their cohort [34] . They estimated only nearly 0.5% of CHDs are likely attributable to mosaic pathogenic variants [34] .
Clinical implications
As the cost of sequencing decreases, single gene sequencing is becoming uncommon, with larger panels or genomic sequencing being preferred. As CNV detection with genomic sequencing data becomes more routine and costs continue to decrease, it is likely to replace CMA as first-line evaluation for patients with CHD.
An example of how decreasing cost of sequencing has affected our practice is our initial diagnostic approach for all patients with heterotaxy. Patients with heterotaxy have complex disease, including a high association of ciliary dysfunction. For patients with heterotaxy, we molecularly assess all patients for primary ciliary dyskinesia with a large sequencing panel. A diagnosis of primary ciliary dyskinesia alters care for the patient and increases their morbidity and mortality, making universal testing of heterotaxy patients reasonable [13, 35, 36] . In another specific group, we complete sequencing in patients with hypoplastic left heart syndrome. We sequence MYH6 in all patients with hypoplastic left heart syndrome. Patients with a pathogenic MYH6 disruption have decreased transplant free survival so knowing their status can help with risk stratification [14] .
Variants of uncertain significance
As genomic sequencing becomes more standard, an increasing number of patients will be found to have variants of uncertain significance (VUSs), or sequence variants with unknown clinical impact. VUS in clearly actionable genes can result in care challenges, with complex clinical discussions regarding how to manage a patient when it is unclear if they have a clinically actionable genetic disease. This is especially challenging as much of the burden of ordering and interpreting genetic testing is falling to providers outside of Medical Genetics.
Having a plan in place for how to address abnormal genetic testing results, including VUS, and resources to provide support for result interpretation should be carefully considered as genetic testing protocols are designed. For example, setting up telemedicine contracts with medical geneticists and genetic counsellors in academic institutions to support result interpretation and disclosure may be a reasonable solution for some centres. In some cases, genetic testing laboratories provide support for result interpretation relating to testing they have performed as an intrinsic part of their services. This may be an extremely beneficial service to providers who have limited access to a medical geneticist.
Emerging molecular and environmental causes
Much of the genetic etiologic understanding for CHD is based on large cohort or familial large CNV analysis or exonic gene sequencing with an overall focus on mendelian inheritance patterns. This results in a large gap of knowledge regarding how more complex genetic changes (such as noncoding variants, multigenic nonmendelian contributions and small structural chromosomal anomalies, which may result in CNVs, inversions, chromothripsis or translocations with fusion protein expression) contribute to CHD [7 && ]. Overall, these are poorly understood areas of genetics with technical limitations to detection, and standard bioinformatics assays for next-generation sequencing specifically exclude data of this type [37] . At the present time, assessments of these types of genetic anomalies are highly investigational, making this an area of active exploration [38] . Epigenetic anomalies resulting in pathogenically altered gene expression and regulation is an area wherein there is known aetiologic contribution to CHD. Continued debates of what tissue and what time in development is optimal for testing gene expression make teasing apart these effects to a point of understanding extremely difficult [7 && ,39]. Methods to assess complex genetic causes, prioritizing clinical application, should be a priority for investigators of genetic disease in general, and CHD is a uniquely suited area for these types of investigation with its known multigenic roots in ciliopathies and robust, well characterized cohorts [7 && ,32,40-43] .
There are also many well described, but poorly understood, nonheritable contributions to CHD. Exposure to teratogens such as alcohol and glucose are known to increase risk for a child with CHD [44, 45] . There continue to be conflicting data for the role of folate supplementation and folate levels in the risk for CHD with the data seeming to favour that periconceptional folate supplementation may decrease the risk of CHD, outside of Norway at least [ [46] [47] [48] [49] . Being a twin increases your risk for CHD independent of the increased risk for CHD associated with artificial reproductive technologies [50] .
CONCLUSION
The use of genetic information in direct care of patient with CHD is an area of clear clinical consequence, as well as an area with the potential for improvement. Current limitations with integration of genetic information to care is, at least partially, due to limited access to medical geneticists to support clinical CHD programmes. Designing protocols for genetic testing is becoming easier as advancements in molecular testing allow us to utilize a narrow spectrum of testing while expanding the number of diagnoses detected. The use of genetic testing protocols has been shown to be beneficial for infants with CHD [10] . Utilization of genetic testing protocols that includes consideration of older CHD survivors and can be universally implemented would be beneficial for these patients. A proposed genetic testing protocol is illustrated in Table 2 .
Over the next few years, the first-line assessment for the majority of CHD patients will switch from CMA to genomic sequencing with CNV analysis. As such, implemented protocols need to have periodic reassessment and mechanisms to institute change for evolving technology. Utilizing CHD testing protocols from clinical CHD programmes with medical geneticist support will help an increased number of CHD patients access genetic testing but will create challenges in the realms of result interpretation.
